Abstract: An overview of the advances in studies on tribology of molecular deposition (MD) fi lms is presented here to summarize the studies of nanofrictional properties, adhesion, wear and mechanical behavior, as well as the molecular dynamics simulation of nanotribological properties of the fi lm in the last decade. Some key research topics which need to be investigate further are addressed.
Introduction
The molecular deposition (MD) film, a type of ordered ultrathin film which is assembled from charged polyions and polycations (such as polyelectrolyte, also named polyelectrolyte multilayers (PEMs)) driven by intermolecular electrostatic forces, has been widely investigated in the last decade. MD film has the advantages of simple fabrication, a well-ordered structure, controllable film thickness and deposition on any type of material of any shape. In general, MD fi lm is formed in aqueous solution. The pH value, ionic intensity, and the molecular weight of the polyelectrolyte influence the thickness of the film (Dubas and Schlenoff, 1999; Mermut and Barrett, 2003; Porcel et al, 2007; Sun et al, 2007) . A few types of MD films can be fabricated in non-aqueous solutions (Tuo and Wang, 2006) . Differing polyelectrolyte assembly can alter desired properties. The MD film can exhibit photoelectric (Fushimi et al, 2005) , biologically-catalytic (Yu et al, 2005) and electrochemical performance Shen et al, 2003) , and recently has been used as ion-selective nanofi ltration membranes (Lu et al, 2008) .
MD films, which can reduce friction and provide lubrication (Wang et al, 1999d) , are expected to signifi cantly improve the performance of micro-devices. Therefore, the aim of this work is to review the advances in the nanotribology of molecular deposition (MD) fi lms.
Frictional and lubricating properties of MD fi lms
The frictional and lubricating properties of MD films have been widely investigated in the last decade. The MD fi lms deposited on substrates can reduce friction force, which is mainly infl uenced by the characteristics of MD fi lms and experimental conditions.
Effect of characteristics of MD fi lm itself on the nanofrictional properties
The factors affecting the nanofrictional behavior of MD fi lms include the characteristics of molecules assembling the films, characteristics of terminal group and surface charge, the interaction between layers, the hardness and morphology of the fi lms.
Effects of the characteristics of molecules assembling fi lms
The characteristics of the molecules forming the MD fi lms have essential effects on the tribological behavior of the film. Polyallylamine hydrochloride (PAH)/graphite oxides (GO) (PDDA/GO for short MD films and PAH/polyacrylic acid (PAA) (TiO 2 ) composite MD films could reduce the coefficient of friction of the modified substrates when selflubricating graphite oxides were embedded in the fi lm (Feng et al, 2003a; and PAH incorporated with wearable TiO 2 were enwrapped by polyacrylic acid (PAA) (Feng et al, 2003b; Zhang et al, 2003) , respectively.
Yang and his coworkers (2004) investigated the microtribological properties of PAMAMC (dendrimer molecules)/DR (diazo resin) and Pt-PAMAMC/DR multiplayer MD films which were formed from DR and PAMAMC with or without platinum nanoparticles. Experimental results showed that the film, containing Pt nanoparticles, exhibited stable frictional responses under the action of applied load. This can be attributed to the loadbearing capacity of the platinum nanoparticles and the fl exible chains in the dendrimer.
The tribological behavior of three types of MD films were investigated by Pavoor et al (2004b) . The anchoring polystyrene-block-poly(acrylic acid)/PAH fi lm enhanced the hardness and the load-bearing capacity, and hence substantial wear was prevented. The PAA/PAH fi lm with in situ formed silver nanoparticles reduced the friction force at the optimum levels of silver clusters. And the PAH composite film with multi-wall carbon nanotubes exhibited a low value of friction.
Lanthanum-based MD fi lms were investigated by Cheng et al (2006) . The tribological experiment showed that the friction coefficient of glass substrates reduced from 0.85 to 0.13 after they were coated with lanthanum-based MD fi lm, and the rare-earth MD film had a longer wear life (2,880 sliding passes).
The tribological behavior of poly(diallyldimethylammon ium chloride) (PDDA) and poly(sodium 4-styrenesulfonate) (PSS) MD fi lm and PDDA/PSS MD fi lm containing copper hydroxide nanoparticles were compared and analyzed by Yang et al (2007) . It was found that the friction coefficient of pristine MD film was smaller and was greatly affected by normal load. However, the friction coefficient of the composite fi lms reinforced by nanoparticles was little affected by the normal load, though the friction coefficient was higher than that of the pristine MD films (Fig. 1) . It might be attributed to the enhanced load-carrying capacity of the inorganic nanoparticles in these MD fi lms.
In general, the ordered building of the rigid structure in fi lms can enhance the load-bearing property of the fi lms, but lead to the defects that affect the surface roughness of fi lms. However, the soft chain in the fi lms can alleviate the building defects. The optimized deposition of the rigid and soft chains was presumed to show good tribological behavior. Huang and his coworkers (2002a; 2002b; 2002c) studied the microtribological property of the film assembled from diazo resin and C 60 -containing polyelectrolyte. It was found that rigid chains containing C 60 molecules improved the loadbearing property and decreased the lubricating property of the film, and soft chains have the opposite effects of the rigid chains. The tribological properties of a C 60 carboxylic acid derivative/diazo resin film and a C 60 carboxylic acid derivative/diazo resin/poly(acrylic acid) fi lm were compared by Cao et al (2002) . The results showed that the polymerbound C 60 film had not only good load-bearing properties but also low friction properties while the soft poly(acrylic acid) chain incorporated in the fi lm increased the lubricating property of the fi lm. examined the friction and wear behavior of liquid crystal aromatic polyamide selfassembled film. Experimental results showed that the film had good tribological properties because the liquid crystal aromatic polyamide molecules and the substrate could form hydrogen bonding to reinforce the connection between the film and the substrate. Moreover, heat treatment made the structure of the film more ordered, and more rigid. Ahn et al (2003) reported that the fi lm which has long hydrocarbon chains with same functional group displayed a slightly higher coeffi cient of friction than that of the fi lm with shorter hydrocarbon chains in the nanoscale contact, which was contributed to the higher rigidity because of stronger lateral cohesion among hydrocarbon chains.
Wang et al (2006) found that the tribological property of the PAH/PAA film was related to the molecular chain. The film fabricated with longer chains performed better in reducing the friction force when the layer number was small. The fi lm with shorter chains performed better when the layer number was greater than a specifi c number.
Effects of characteristics of terminal groups and surface charge
Research on the influence of the characteristics of terminal groups and surface charge of the fi lm was conducted quite early by the MD Film Research Group, China University of Petroleum (Beijing). It should be noted that the samples with the same terminal group would have similar nanofrictional characteristics, although their molecular chainlengths and skeletons were different (Wang et al, 1999c) . This phenomenon can be explained in two ways: 1) The dissipation of energy of the MD film during the friction process was completed only by the vibration and rotation of the molecular terminal on the sample surface, owing to the strong electrostatic attractive force between the layers of the molecules, which lead to the formation of dense layers on the substrate. 2) According to the Johnson-Kendall-Roberts (JKR) theory, the adhesive force is proportional to the square root of the radius of the tip. During the experiment, the adhesive forces of the anionized Au surface and the monolayer MD film were very low and equal to 8 nN and 5 nN, respectively. Therefore, it can be deduced that when the load and adhesive force are low, the contact between the atomic force microscopy (AFM) tip and the sample surface is atomic contact, and the nanofrictional characteristics of the samples are mainly determined by the terminals of the tip and the sample surface, which has nothing to do with the molecular chain-length and the skeleton. Later on, Zhang and his coworkers (Wang et al, 2003a; Zhang et al, 2005b) found that the coefficients of friction of the MD films with hydrocarbon chain as the terminal group were lower than those of the corresponding MD fi lms with the same number of layers but without hydrocarbon chains. Moreover, MD fi lms with different numbers of layers and the same terminal group were found to have similar nanofrictional behavior. But the fi lms modifi ed with alkyl terminal groups performed more stably than those modifi ed with active terminal groups (Zhang et al, 2005b) . They also analyzed the effects of the exposed terminal groups and surface charges on the nanofrictional properties of MD fi lms on single crystal silicon substrate by using AFM (Gao et al, 2003c) . The results showed that the friction was dependent on the exposed terminal groups under a relatively smaller load when the AFM tip slid on the fi lm surface and was related to the surface net charge on Si 3 N 4 tip to some extent. The surface positive charge had a larger effect than negative charge on the nanofrictional behavior of the MD fi lm (Fig. 2) because of the adhesion caused by the surface charge. Adhesive force and friction force decreased due to the decrease in the surface charge in the MD fi lm after being heated (Feng et al, 2004) . The properties of the terminal group in the MD fi lm can directly infl uence both the surface energy and the topography of the fi lm and further affect the tribological behavior of the fi lm.
The nano-and micro-scale tribological behavior of the fi lms were compared and discussed in terms of the chemical structure such as terminal groups and chain length of the fi lm molecules (Ahn et al, 2003) . This investigation revealed that the tribological behavior of fi lms was signifi cantly affected by the molecular structure of the fi lms both in nano-and microscales.
Effects of interaction between layers, hardness and morphology
The electrostatic force between the layered structure of the MD film would convert to covalent bonding after heattreatment (Feng et al, 2003b; or under ultraviolet irradiation (Cao et al, 2002; Huang et al, 2002a; 2002b; 2002c; Yang et al, 2004) . As a result, the stability and nanofrictional property of the fi lm were improved because the bonding strength between the layers became stronger. Feng et al (2003b; observed that after the MD fi lms were heated, the growth of the GO and TiO 2 nanoparticles resulted in a decrease in topography and an increase in hardness of the films. They also found that there existed a difference in the variation trend of morphology, hardness, and friction force of the PAH/GO fi lm with AFM indentation length, namely, the fl uctuation of friction force lagged behind both morphology and hardness as shown in Fig. 3 . Moreover, the variation trend of friction force was similar to that of morphology but was sensitive to hardness fl uctuation (Zhang et al, 2005a) . The fl uctuation in friction force of the PAH/GO film was attributed not only to the morphology but to the uneven hardness of the fi lm as well. It was presumed that, as the AFM tip slid along the surface of the PAH/GO fi lm, the AFM tip was adhered by adhesive forces, which made the fluctuation of friction force lag behind that of hardness and morphology. On the other hand, as the AFM tip slid on the surface with non-uniform hardness (non-uniform plasticity), the friction force would have a larger fl uctuation.
Moreover, the same type of MD film showed different tribological behavior when sliding against different coatings, which was related to the different relaxation behavior of the MD fi lms and the different interactions among the fi lms and the metallic coatings as the counterparts .
Effects of experimental conditions 2.2.1 Effects of load
The friction coeffi cient of the PDDA/GO MD composite film was found to decrease with increasing load. However, the decrease in friction coefficient reduced noticeably and stopped when the load was beyond a specifi c value (Feng et al, 2003a) .
The effect of load on nanofrictional properties of different silicon surfaces modified by different MD films, whose terminal groups were N(CH 3 ) 2 H + and SO 3 -, respectively was investigated by Gao et al (2004) . Experimental results showed that the friction force increased linearly with load for different silicon surfaces under a lower load. However, the silicon surface deposited with monolayer copper phthalocyaninetetrasulfonic acid, tetrasodium salt (CuTsPc) MD fi lm did not show a reduction in nanofrictional properties, which might be attributed to the existence of its stable terminal groups.
Effects of scan rate
All the gold substrates deposited with MD fi lm were found to have a lower friction force than the clean gold substrate at different scan rates, which was result from the molecular brush effects (Wang et al, 1999d; 2000) . Moreover, all the samples with the same terminal group after being decorated with alkyl-terminal molecule had the same nanofrictional properties.
Silicon substrates modified with different MD films were investigated in order to reveal the effect of scan rate on friction force of MD films (Gao et al, 2003b) . The friction force of the aminopropylalkylated silicon substrate first decreased and later increased with increasing scan rate, while the friction force of clean and hydroxylated silicon substrates increased continuously. A possible explanation for this phenomenon is that the amorphous structure of the fi lm transformed into liquid crystal state due to the frictional heat generated during the increase of the scan rate. But for silicon surface deposited with monolayer CuTsPc MD film, the nanofriction force decreased with increasing scan rate, which might be attributed to its poor thermal conductivity and the plastic deformation of the surface during scanning.
Effects of relative humidity and controlled atmosphere
The influence of relative humidity on the tribological property of MD film was remarkable. It was found that friction force decreased with the increase in humidity owing to increasing condensed water and decreasing shear-strength at the interface (Gao and Yu, 2002; Wang et al, 2000) . For positively charged Au surfaces and negatively charged Au surfaces, the higher the relative humidity, the lower the friction force and friction coeffi cient. This was resulted from the decrease in adhesive force which was attributed to the condensed water between the probe tip and the MD fi lm (Gao et al, 2004) . Additionally, the nanofrictional properties of MD films in controlled atmosphere, such as pure nitrogen, were different from those in ambient environment. Qian et al (2003) examined the effects of relative humidity from 5% to 98% on the tribological properties of monolayer MD films. Relative humidity only had influence on the friction force of the film over a range of relative humidity when the terminal group was hydrophobic. Yang et al (2006b) also found that the friction force of MD films was almost independent of relative humidity when the surface of MD fi lm was highly hydrophobic.
Adhesive property of MD fi lm
Friction force is very closely related to adhesive force. The results of molecular dynamics simulation on tribological properties of MD fi lm indicated that the friction phenomenon at the interface between the probe tip of the atomic force microscope and the MD fi lm was attributed to adhesive action when the tip slid on the MD film (Lan et al, 2002; .
Wang et al (1999a) studied quartzite modifi ed by MD fi lm with AFM. The analyses of force-displacement curve, surface topography, modulation force image and friction force image indicated that the reduction in friction force of MD fi lm was due to the decrease in the adhesion between the probe tip of the atomic force microscope and the MD film. Moreover, Wang and his coworkers (1999b) deduced a formula for calculating the adhesive force according to the measured force-displacement curve. The adhesion of the quartzite modifi ed by MD fi lm was apparently smaller than that of the clean one.
Adhesion has a great effect on the nano-friction properties of MD film, which not only changed the nano-friction properties of the fi lm surface, but also increased the normal force. This resulted in the enhancement of friction force. Moreover, experimental results proved that an unloading experiment was another method to verify the adhesive force . The friction reduction effect of MD fi lms was attributed to the surface micro-modification and the resulting decrease in the surface adhesion. Richert et al (2004) reported that the adhesive properties of chondrosarcoma cells with poly(L-lysin/poly(L-glutamic) (PGA/PLL) multilayer MD fi lms, could be tuned depending on the deposition pH value of the polyelectrolyte solutions. The high or low adhesion observed on the fi lms built at pH 4.4 or pH 10.4 may rather be related to the secondary structure of the fi lm and to its relatively low or high swellability in water. These fundamental studies will enhance the potential of MD films for future biomedical applications, for example drug release and cytoskeletal organization.
Wear characteristics of MD fi lm
Substrates modified by MD film have some wear resistance under certain experimental conditions. Pavoor et al (2004a) found that the MD film deposited with poly(allylamine hydrochloride) and poly (acrylic acid) (PAH /PAA) could prevent wear of steel substrates in the dry state, and also in the presence of water and bovine calf serum, used to simulate synovial fluid in human joints. As indicated in Fig. 4 , the PAH/PAA MD fi lm protected the glass substrate. The wear track was observed on the glass coated with a (PAH 3.5/PAA3.5) 70 nm film at the end of 2,000 cycles and no steel deposition from the pin of the pin-on-disk tester was observed. For a clean glass substrate, conversely, steel deposition onto the wear track was observed within the fi rst few cycles.
The wear-resistant property of MD fi lm is closely related to the characteristics of structure units, the interaction between layers, the number of layers and the properties of the materials in the wear coupled parts. Gao and Zhang (2002) investigated the wear-life of the the samples decorated by MD fi lm. Schneider et al (2006) showed that the elastic modulus of the wet poly(L-lysine)/hyaluronan (PLL/HA) MD films, which was determined by using the AFM nano-indentation technique with a colloidal probe, would be modified by adjusting the cross-linker, a water-soluble carbodiimide (EDC) concentration (Fig. 7) . The adhesion between the cell and (PLL/HA) MD fi lms cross-linked by different EDC directly depended on the Young's modulus of the fi lms.
Conclusions
tribological behavior of the fi lm.
Very promising prospects for the tribological application of MD fi lms has been opened up by recent research in China and overseas. The studies of MD films have been extended because of their unique properties. However, there is still a long way to go to put MD film into practical application. In order to prepare more varieties of MD films which have better tribological properties and promote the use of MD film in micro/nano-electro-mechanical systems (MEMS/ NEMS), some key problems in the studies of MD film should be addressed, such as optimization of the preparation conditions, improvement of the wear-resistance, friction and wear mechanism, as well as clarifying the factors infl uencing 
